Antidepressants remediate negative biases in emotional processing early in treatment, prior to mood improvement. However, the effects on reward processing potentially relevant to the treatment of anhedonia are less clear. Here we investigate the early and sustained effects of the dopamine and noradrenaline reuptake inhibitor bupropion on behavioural measures of emotional and reward processing in currently depressed individuals. Forty-six currently depressed patients and 42 healthy controls participated in a repeated measures study, during which open-label bupropion was administered to only the patient group over a six week period without a placebo group. All participants completed the Emotional Test Battery and a probabilistic instrumental learning task at week 0, week 2 and week 6. Currently depressed patients displayed negative biases in emotional processing and blunted response bias for high-probability wins compared to the healthy controls at baseline. Bupropion was found to reduce the negative biases in emotional processing early in treatment, including a significant decrease in the percentage misclassification of other face emotions as sad and the number of negative self-referent words falsely recalled between baseline and week 2. Conversely, bupropion was found to initially further reduce the response bias for high-probability wins between baseline and week 2. This effect reversed with six weeks' bupropion treatment and reward processing was normalized compared to the healthy controls. Early in treatment, bupropion acts to reduce negative biases in emotional processing but exacerbates impaired reward processing. The beneficial actions of bupropion on reward processing then occur later in treatment. Such dissociation in the temporal effects of bupropion on emotional and reward processing has implications for the treatment of the different symptom domains of negative affect and anhedonia in depression.
This article is part of a discussion meeting issue 'Of mice and mental health: facilitating dialogue between basic and clinical neuroscientists'.
Background
Cognitive theories of depression suggest that negative biases in emotional processing play an important role in the causation and maintenance of the persistent low mood characteristic of the disorder. Indeed, depressed patients, as well as those at risk of depression [1, 2] , display negative biases in emotional processing across a range of cognitive domains, including perception, attention and memory [3] [4] [5] [6] . For example, they display increased perception of ambiguous face emotions as negative [7, 8] , an attentional bias towards negative face emotions and self-referent words [9] and increased recall of negative versus positive self-referent words [10] compared to healthy controls.
It has been hypothesized that antidepressants may act to restore the balance between positive and negative emotional processing early in treatment, prior to mood improvement [6,11 -13] . Indeed, 7 day treatment or even an acute dose of the selective serotonin reuptake inhibitor (SSRI) citalopram or the noradrenaline reuptake inhibitor reboxetine was found to increase the perception of ambiguous faces as happy and the recall of positive self-referent words in both healthy volunteers [14 -16] and depressed patients [17] compared to placebo. Importantly, these changes in emotional processing biases occurred in the absence of changes in subjective mood, suggesting that they may be a direct effect of antidepressant drug treatment rather than being a secondary consequence of changes in mood and affect.
However, depression is not only characterized by persistent low mood but also a loss of pleasure in response to receipt of reward, known as anhedonia. Depressed patients display blunted responsiveness to reward [18] and fail to develop a response bias towards high-probability win during probabilistic instrumental learning tasks [19] [20] [21] . These impairments correlate specifically with the severity of self-reported anhedonia, independently of overall depression severity [21] [22] [23] [24] . Building on pre-clinical evidence for a role of dopamine in reward [25, 26] , it has been hypothesized that the anhedonia and underlying impaired reward processing in depression involve changes in the function of the dopamine system. While serotonergic and/or noradrenergic antidepressants can alter emotional processing biases to improve mood, they do not appear to fully correct the experience of anhedonia [27] and may actually exacerbate the impaired reward processing [28] . It has therefore been suggested that antidepressants with an effect on the dopamine reward system may be better suited to treat anhedonia [27] , but equally, their effects on emotional processing biases remain unclear. Bupropion is one of the few antidepressants that prevent the reuptake of dopamine (in addition to noradrenaline) and may be a potential treatment for patients displaying predominantly anhedonic symptoms [29] . We previously assessed the effect of a single dose of bupropion on emotional and reward processing in a different cohort of healthy volunteers compared to double blind administration of placebo. Bupropion was found to remediate negative biases in emotional processing but had unexpected detrimental effects on reward processing compared to placebo [30] . The current study aimed to assess whether this profile of effects of bupropion observed in healthy volunteers translated to depressed patients and longer-term treatment. If so, this would have implications for its potential for the treatment of anhedonia and the expected timescale for such effects. Therefore, here we investigate the early and sustained effects of bupropion on behavioural measures of emotional and reward processing in individuals suffering from depression. (a) Participant recruitment and screening A total of 46 depressed patients and 42 healthy controls (HCs) were recruited from the general population. Via an in-depth psychiatric assessment including the Structured Clinical Interview (SCID) for DSM-IV [31] , depressed patients were found to satisfy a diagnosis of a current episode of major depressive disorder (MDD) but no other Axis 1 DSM-V psychiatric disorder (apart from co-morbid anxiety disorders) and HCs were deemed to be free from either current or past history of any Axis 1 DSM-IV psychiatric disorders. Exclusion criteria included the use of any medication that could impact upon the safety or effect of bupropion within three weeks of the baseline assessments or psychological treatment within three months of the baseline assessments, drug or alcohol abuse in the past year, medical conditions judged to interfere with the safety of the participant or scientific assessments, smoking more than 10 cigarettes or equivalent a day and prior experience of the behavioural tasks used in the study. The MDD and HC groups were matched for gender, age and national adult reading test (NART)-derived verbal IQ [32] .
Methods

(b) Study design and intervention
In a repeated-measures study design, open-label sustained release bupropion was administered to just the MDD group over a six week period but all participants completed the Emotional Test Battery (ETB) and a probabilistic instrumental learning task at week 0 (baseline), week 2 and week 6. The course of bupropion started the morning after baseline assessments' with the MDD group taking 150 mg once daily in the morning for the first 7 -10 days, then 150 mg twice daily for the remaining five weeks. The HC group did not receive bupropion, placebo or any other intervention to control for the practice effects of repeated testing. Each visit also involved completion of a number of researcher-administered and self-report questionnaires.
(c) Questionnaire measures
The Hamilton Rating Scale for Depression (HAM-D) [33] was administered via a semi-structured interview with a trained experimenter. The rest of the questionnaires were self-report questionnaires and included the Adult Eysenck Personality Questionnaire (EPQ) [34] , the Full Mood and Anxiety Symptom Questionnaire (MASQ) [35] , the Positive and Negative Affect Schedule (PANAS) [36] , the Snaith -Hamilton Pleasure Scale (SHAPS) [37] and the Oxford Questionnaire on the Emotional Side-effects of Antidepressants (OQuESA) [38] . For the SHAPS, in this study, the ratings of strongly agree, agree, disagree and strongly disagree were converted into a 4-point scale, with higher scores indicating higher anhedonia.
(d) Emotional Test Battery
The ETB (P1vital, Oxford, UK) comprises several validated, computerized cognitive tasks designed to assess emotional processing biases and has previously been described in full [17] . In brief, the Facial Expression Recognition Task (FERT) comprises a series of facial expressions associated with six basic emotions: anger, disgust, fear, happy, sad and surprise at a range of different intensity levels and participants are required to identify the emotion of the face. Signal detection theory is used to provide estimates of target sensitivity (d') and beta. The Emotional Categorisation Task (ECAT) comprises a series of positive and negative self-referent words and participants rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170030 are required to indicate whether they would like or dislike to be referred to as each word. In the Facial Dot-Probe Task (FDOT), the attentional vigilance to happy or fearful faces can be determined from participants' response latency to indicate the alignment of a dot probe appearing in the place of one of the faces. Finally, the Emotional Recall Task (EREC) is a surprise free recall task during which participants are required to remember as many of the self-referent words from the ECAT as they can in 2 min. Further details for each task are provided in the electronic supplementary material.
(e) Probabilistic instrumental learning task
The probabilistic instrumental learning task was adapted from that described by Pessiglione and colleagues [39] and has previously been described in full [30] . In brief, task stimuli consist of two pairs of symbols with one pair associated with win outcomes (win £1 or no change) and the other associated with loss outcomes (lose £1 or no change). Each symbol in the pair corresponds to reciprocal probabilities (0.7 or 0.3) of the associated outcomes occurring. Participants were required to choose between the two symbols in order to maximize their winnings. Once a choice was made, outcome feedback was provided. In order to maximize their winnings, participants used the outcome feedback to gradually learn the symbol -outcome associations over time, such that they consistently chose the symbol associated with high-probability win and avoided the symbol associated with high-probability loss. Note that different symbols were used at each visit to minimize learning effects confounding subsequent performance. Further details for this task are provided in the electronic supplementary material.
(f ) Analysis
Reaction times were trimmed at the participant level: reaction times above 3 standard deviations from the mean or below 200 ms were excluded prior to calculating the mean. Each outcome measure from each task of the ETB was analysed using a repeated measures analysis of variance (ANOVA) with group (MDD or HC) as the between-subject factor and one within-subject factor depending on the task (e.g. face emotion, word valence) when assessing differences between groups at baseline.
Analyses of how measures changed over time included study visit (baseline, week 2 and week 6) as an additional within-subject factor. For the probabilistic instrumental learning task, participants who performed worse than chance and completed the task with winnings of less than the initial £5 were assumed not to have understood the task and were excluded (8 HC, 7 MDD). Data were then averaged across the two runs and analysed as above. Significant visit by group interactions indicated changes that could not solely be explained by practice effects suggestive of an effect of bupropion and were followed up using appropriate post hoc t-tests.
Results (a) Participant characterization
There were no significant differences between the MDD and HC groups with regards to gender, age or NART-derived verbal IQ. As would be expected, the MDD group had significantly higher HAM-D and EPQ neuroticism scores and significantly lower EPQ extroversion scores at baseline than the HC group (table 1). The majority of MDD patients displayed mild to moderate depression at baseline (figure 1).
(b) Mood at baseline and change over time Independent samples t-tests found the MDD group to be significantly different from the HC group ( p , 0.001) for all remaining questionnaire measures at baseline. Paired t-tests found the MDD group to significantly improve on all questionnaire measures apart from the MASQ anxious arousal sub-scale with bupropion treatment ( 2b) . No significant differences were found for any other face emotion.
( 
Effect of bupropion. A significant visit by group interaction was found for percentage accuracy in positive self-referent word classification (F 2,156 ¼ 3.94, p , 0.05). It appeared that while the HC group displayed a decrease in the percentage accuracy for positive self-referent words, the bupropion-treated MDD group displayed an increase in the percentage accuracy for positive self-referent words across the three visits; however, post hoc paired t-tests only found the decrease in percentage accuracy for positive self-referent words in the HC group between baseline and week 6 to be significant (t 39 ¼ 2.64, p , 0.05) (figure 3).
(iii) Facial Dot-Probe Task
Baseline differences between the MDD and HC groups. A significant main effect of group was found for reaction time only (F 1,85 ¼ 8.95, p , 0.01), with the MDD group responding significantly more slowly than the HC group across all of the task conditions.
Effect of bupropion. There was also a significant visit by group interaction for reaction time (F 2,156 ¼ 12.55, p , 0.001), with the bupropion-treated MDD group displaying a greater reduction in reaction time than the HC group between baseline and week 2, likely as a result of their higher reaction time at baseline.
(iv) Emotional Recall Task
Baseline differences between the MDD and HC groups. There was no significant main effect of group or word valence by group interaction for either correctly (
Effect of bupropion. As illustrated in figure 4 , the bupropion-treated MDD group displayed a decrease in the number of negative self-referent words falsely recalled between baseline and week 2 that was not observed in the HC group. A visit by group interaction was not found with three levels of visit (baseline, week 2 and week 6) (F 2,158 ¼ 2.75, p ¼ 0.07) but was found with two levels of visit (baseline and week 2) (F 1,81 ¼ 5.73, p , 0.05) that remained when considering just negative falsely recalled self-referent words (F 1,81 ¼ 4.60, p , 0.05) and was confirmed by post hoc paired t-tests (t 42 ¼ 2.12, p , 0.05). There was no difference between the HC and MDD groups in the number of self-referent words correctly recalled across the three visits. . In order to provide more temporal information about reward learning differences between the MDD and HC groups, learning curves were produced for each group depicting trial-by-trial the proportion of participants who chose the correct symbol in the win condition, associated with high-probability win ( figure 5a,b) . Both groups learnt to choose the high-probability win by about trial 10. To assess reward sensitivity after learning, the proportion of participants choosing the correct symbol in the win condition was averaged over the last 20 trials of the task [40] and the MDD group was found to be significantly less likely to choose the correct symbol in the win condition compared with the HC group (t 38 ¼ 2.03, p ¼ 0.05), suggesting possible insensitivity to high-probability win. There were no baseline group differences in the likelihood of avoiding the incorrect symbol in the loss condition. Effect of bupropion. There was no significant visit by group interaction for the total monetary amount at the end of the task ( 
Discussion
The present study aimed to investigate the early and sustained effects of bupropion on behavioural measures of emotional and reward processing in individuals suffering from depression in a repeated measures study design with an additional group of HCs not receiving any intervention. At baseline, the MDD group displayed the expected negative biases in emotional processing and impaired reward processing, as well as an overall non-valence-specific slowing of reaction times across all tasks compared with the HC group. Bupropion was found to reduce such negative biases in emotional processing early in treatment, including a significant decrease in the percentage misclassification of other face emotions as sad and the number of negative self-referent words falsely recalled between baseline and week 2. Conversely, bupropion was found to exacerbate impaired reward processing, with a significant decrease in the likelihood of choosing high-probability wins between baseline and week 2 prior to normalization to HC levels after the full six week treatment.
(a) Emotional processing
At baseline, the MDD group was found to display significantly increased misclassification of other face emotions as sad, reflected in decreased beta or increased response bias for sad faces, compared to the HC group. This is consistent with previous research that suggests depressed patients display negative biases in emotional processing [3 -6] , including increased perception of ambiguous face emotions as negative [7, 8] . The MDD group also displayed an overall non-valence-specific slowing of reaction times across all tasks at baseline, consistent with psychomotor slowing that is also observed in depression. Bupropion was found to significantly decrease the misclassification of other face emotions as sad or response bias for sad faces, as well as reduce the number of negative selfreferent words falsely recalled between baseline and week 2. These results replicate those found in our previous study where an acute dose of bupropion was found to decrease the misclassification of other face emotions as sad and decrease negative self-referent recognition memory compared with placebo in healthy volunteers [30] . Therefore, bupropion may act to remediate the negative biases in emotional processing early in treatment, similarly to other antidepressants [6,11 -13] .
This provides further support for the hypothesis that antidepressants may act to restore the balance between positive and negative emotional processing early in treatment prior to mood improvement and may be related to the extent of later clinical improvement [41] . The similarity in effects on emotional processing across antidepressants acting on a range of neurotransmitters, including serotonin, noradrenaline and dopamine, and across healthy control and patient participant groups validates the use of this translational model both to help understand the effects of established treatments but also for the initial screening of the therapeutic potential of novel treatments for depression.
(b) Reward processing
At baseline, the MDD group also displayed expected abnormal response selection during the probabilistic instrumental learning task. In such tasks, HCs typically develop a reward response bias, learning to choose the stimulus associated with high-probability win and avoid the stimulus associated with high-probability loss in order to maximize payoffs. MDD patients fail to develop a reward response bias, resulting in reduced likelihood of choosing the stimulus associated with high-probability win [19] [20] [21] . The MDD group was found to be significantly less likely to choose the correct symbol in the win condition associated with highprobability win compared with the HC group at baseline in the present study, again consistent with previous research.
Building on pre-clinical evidence for a role of dopamine in reward [25, 26] , it has been suggested that such impaired reward processing involves changes in the dopamine system and may be particularly affected by drugs with an effect on this system. It has previously been found that administration of L-DOPA, the metabolic precursor of dopamine, significantly increases the likelihood of choosing the stimulus associated with high-probability win and subsequently the amount of money won during a probabilistic instrumental learning task, compared with the dopaminergic receptor antagonist haloperidol, although not compared with placebo [39] . Given that bupropion is one of the few antidepressants with an effect on dopamine function and has previously been shown to increase reward-related neural activity [42] , it could be expected that treatment with the drug would remediate the impaired reward processing observed in the MDD group, acting to reduce the insensitivity to high-probability wins. Instead, bupropion was found to exacerbate impaired reward processing, with a significant decrease in the likelihood of choosing the correct symbol in the win condition associated with high-probability win between baseline and week 2. While this seems paradoxical, our previous study also found an acute dose of bupropion to have the same detrimental effects on reward processing compared with placebo in healthy volunteers [30] . It was suggested that bupropion may act to exacerbate impaired reward processing early in treatment, with the beneficial effects occurring later in treatment. Indeed, bupropion was found to normalize reward processing to HC levels following the full six week treatment. These are similar effects to those of both SSRIs [28, 43] and amisulpride. While amisulpride is an antagonist at the presynaptic D 2 receptor, acting to increase levels of dopamine in the synapse and increase reward-related neural activity, it has also been found to have no positive behavioural effects on reward learning [44] . It may be that acute administration of medication acting on dopamine function normalizes neural dysfunction but more chronic exposure is required for the positive behavioural effects on reward learning to occur [45, 46] . A potential mechanism for the exacerbation of impaired reward learning may involve presynaptic autoreceptors that are activated with acute inhibition of dopamine reuptake leading to a paradoxical decrease in levels of dopamine in the synapse, but are desensitized with repeated treatment [47] . Alternatively, inhibition of dopamine reuptake may decrease the sensitivity of the dopamine reward system. Dopamine neurons exhibit either tonic or phasic firing. It has been suggested that the phasic firing of dopamine neurons may encode the difference between the actual occurrence of a reward and the predicted occurrence of a reward, known as the reward prediction error (RPE), providing a neural mechanism for instrumental learning [25] . If an unexpected reward occurs (positive surprise), the phasic firing of dopamine neurons increases to encode a positive RPE and the predicted occurrence of that reward is updated [25] . Inhibition of dopamine reuptake may act to increase tonic levels of dopamine, which in turn would decrease the phasic firing of dopamine neurons and the sensitivity of the dopamine reward system [48] . Such reduced sensitivity of the dopamine reward system may disrupt RPEs and subsequent instrumental learning. Psychologically, this may have the effect of reducing reward discriminability such that both outcomes in the win condition seem of similar magnitude [49] .
In summary, bupropion appears to have distinct temporal effects on emotional and reward processing, acting to remediate negative biases in emotional processing but exacerbate impaired reward processing early in treatment, with the beneficial effects of bupropion on reward processing only occurring later in treatment. Therefore, despite the hypothesis that bupropion may be better suited to treat anhedonia, the timing of effects on reward processing suggests that anhedonia may also initially worsen prior to clinical improvement and needs to be further explored in more fine-grained clinical studies. It is important to highlight a limitation of this study. Ideally, the study would have employed a double-blind design involving a separate control group of MDD patients receiving placebo for six weeks. However, we judged six weeks of no treatment in an acutely depressed group to be ethically and medically challenging outside of a randomized controlled trial for a novel compound. Instead, an open-label, repeated measures design was used and a separate group of HCs were recruited who did not receive bupropion, placebo or any other intervention to allow for comparison at baseline and to control for practice effects, similarly to other studies with the same ethical considerations, for example [50, 51] . This does introduce a confound between treatment and group such that changes over time may be the result of regression to the mean of a spurious initial difference between groups rather than effects of bupropion treatment. However, the correspondence in effects using repeated measures in depressed patients here to a between-groups comparison with placebo in healthy volunteers provides reassurance that these effects are related to bupropion treatment and not simply an effect of expectation, changes in depression or repeat testing.
Conclusion
Overall, despite its alternative mechanism of action involving noradrenaline and dopamine, bupropion appears to have a similar profile of effects on emotional and reward processing to other antidepressants. Bupropion was found to remediate negative biases in emotional processing early in treatment, which may be instrumental in its therapeutic effect as an antidepressant as described by current theories of antidepressant action. Bupropion was also found to exacerbate reward deficits early in treatment prior to normalization following longer-term treatment. Such dissociation in the temporal effects of bupropion on emotional and reward processing has clinical implications for the use of bupropion in targeting anhedonia early versus late in treatment.
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